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ABSTRACT
We report two microlensing events, KMT-2017-BLG-1038 and KMT-2017-BLG-1146 that are caused by
planetary systems. These events were discovered by KMTNet survey observations from the 2017 bulge season.
The discovered systems consist of a planet and host star with mass ratios, 5.3+0.2
−0.4× 10−3 and 2.0+0.6−0.1× 10−3,
respectively. Based on a Bayesian analysis assuming a Galactic model without stellar remnant hosts, we find
that the planet, KMT-2017-BLG-1038Lb, is a super Jupiter-mass planet (Mp = 2.04+2.02−1.15MJ) orbiting a mid-M
dwarf host (Mh = 0.37+0.36−0.20M⊙) that is located at 6.01
+1.27
−1.72 kpc toward the Galactic bulge. The other planet,
KMT-2017-BLG-1146Lb, is a sub Jupiter-mass planet (Mp = 0.71+0.80−0.42MJ) orbiting a mid-M dwarf host (Mh =
0.33+0.36
−0.20M⊙) at a distance toward the Galactic bulge of 6.50
+1.38
−2.00 kpc. Both are potentially gaseous planets
that are beyond their hosts’ snow lines. These typical microlensing planets will be routinely discovered by
second-generation microlensing surveys, rapidly increasing the number of detections.
Subject headings: gravitational lensing: micro – exoplanets
1. INTRODUCTION
Extrasolar planets have been discovered and confirmed us-
ing several different techniques such as radial velocity (RV),
transit, direct imaging, microlensing, etc. In recent years,
the total number of detections has rapidly increased, reach-
ing over three thousand (≃ 3791 as of September 27, 2018),
and includes ≃ 629 multiple planet systems1. Each of these
various methods uses different physical processes for detect-
ing and characterizing planets. This implies that each method
is sensitive to a certain category of planets according to their
physical properties. For example, RV is most sensitive to
planets located inside the snow lines of their hosts, while mi-
crolensing is sensitive to planets located beyond the snow line.
Thus, these methods are complementary in providing obser-
vational constraints for understanding planets.
Studies of the planet frequency aroundM dwarf hosts using
different surveys, i.e., RV (Johnson et al. 2010; Bonfils et al.
2013) and microlensing (Gould et al. 2010), yield conflicting
results (see Figure 9 of Gould et al. 2010). The microlensing
surveys (Gould et al. 2010; Cassan et al. 2012) found that gi-
ant planets beyond the snow line are more common than those
probed by RV surveys. Thus, Clanton & Gaudi (2014a,b)
state that “it is not clear if this is a consequence of a lack
of formation or lack of migration” but also question whether
or not the results can, in fact, be reconciled. They investi-
gated the overall planet demographics by combining the re-
1 The number counts based on confirmed planets from the NASA Ex-
oplanet Archive (https://exoplanetarchive.ipac.caltech.edu, as of September
27, 2018)
sults of the RV and microlensing detection methods. They
found that the demographic constraints inferred from the two
methods are actually consistent based on their analysis. How-
ever, at that time, their study was conducted based on rela-
tively limited microlensing samples. In particular, they used a
total of 23 microlensing planets from Gould et al. (2010) and
Sumi et al. (2010).
In the era of second-generation microlensing surveys, the
number of microlensing planet detections is rapidly increas-
ing. As detections increase (not only by microlensing but also
by the other methods), this can provide an opportunity to in-
dependently compare the planet frequencies inferred by sev-
eral methods for the overlapping region of planet parameter
space. Although the synthesis of planet demographics can in
principle describe our current knowledge of planets orbiting
M dwarf hosts (Clanton & Gaudi 2016), the comparison of
independent studies could provide more direct and clear ob-
servational constraints.
Among the microlensing surveys that can lead to rou-
tine planet detections is the Korea Microlensing Telescope
Network (KMTNet: Kim et al. 2016). In particular, KMT-
Net was designed to near-continuously monitor wide fields
toward the Galactic bulge with high-cadence observations,
which are sufficient to catch planetary anomalies on the light
curves induced by planets with masses ranging from (su-
per) Jupiters down to Earths. Indeed, since the 2015 com-
missioning season, the KMTNet survey has provided obser-
vations that are crucial constraints to detect and character-
ize several planets including planet candidates by catching
planetary perturbations on microlensing light curves (e.g.,
2Albrow et al. 2018; Calchi Novati et al. 2018a,b; Han et al.
2016, 2017a,b; Hwang et al. 2018a,b; Jung et al. 2018a;
Miyazaki et al. 2018; Mróz et al. 2017, 2018; Ryu et al. 2018;
Shin et al. 2016; Shvartzvald et al. 2017; Skowron et al. 2018;
Zang et al. 2018). Based on the observations of the commis-
sioning season, KMTNet established its own microlensing
event finder (Kim et al. 2018). Thus, KMTNet successfully
achieved the independent detection of its first planet candi-
date: KMT-2016-BLG-0212 (Hwang et al. 2018a).
To date, the total number of microlensing planet detec-
tions has reached 64 (as of September 27, 2018). In partic-
ular,∼ 47% of planets discovered by the microlensing are gi-
ant planets (Mp/MJupiter ≥ 0.1 adopting the definition of giant
planet from Clanton & Gaudi 2014b) that are located beyond
the snow line and orbiting M dwarf hosts (0.08< Mh/M⊙ <
0.6). Considering the detection sensitivity of the microlens-
ing method, such giant planets are quite typical and will be
routinely discovered.
During the 2017 bulge season, the KMTNet survey was
able to detect several KMT-only planets/planet candidates
(e.g., Jung et al. 2018b). Among them, we report here on two
typical microlensing planets: a super Jupiter-mass planet and
on a sub Jupiter-mass planet, which are named KMT-2017-
BLG-1038Lb and KMT-2017-BLG-1146Lb, respectively.
In this paper, we describe the observations and light curves
of these planets in Section 2. In Section 3, we present the
analysis of these light curves. In Section 4, we character-
ize the properties of the discovered planetary systems using
Bayesian analyses. Lastly, we discuss our findings in Section
5.
2. KMTNET OBSERVATIONS
KMTNet consists of three identical 1.6 m telescopes with
wide-field (4deg2) cameras, which are located in the Cerro
Tololo Inter-American Observatory in Chile (KMTC), the
South African Astronomical Observatory in South Africa
(KMTS), and the Siding Spring Observatory in Australia
(KMTA). The observatory locations on three continents of the
southern hemisphere allow near-continuous observations cov-
ering wide fields toward the Galactic bulge.
The high-cadence observation strategy of the KMTNet sur-
vey aims to discover and characterize planets without ad-
ditional follow-up observations. To achieve this purpose,
the required cadence of observations ranges from Γ ≥ 4hr−1
to > 0.2hr−1 for discoveries ranging from Earth-mass to
Jupiter-mass planets, respectively. These cadences derive
from the short duration of the planetary signals tp ∼ tE√q ∼
5(q/10−4)1/2 hr, where the q is the mass ratio of the planet and
host star and tE is the Einstein timescale of the microlensing
event (typical timescale is ∼ 20 days). The KMTNet survey
monitors a wide field to maximize the number of events. It
monitors 12deg2, 41deg2, 85deg2, and 97deg2 with observa-
tion cadences Γ∼ 4hr−1, > 1hr−1, > 0.4hr−1, and > 0.2hr−1,
which are sufficient to detect and characterize Earth, Neptune,
Saturn, and Jupiter class planets, respectively.
The observations are mainly made with the I-band chan-
nel. In addition, KMTNet regularly takes V-band images. In
2017, V-band images were roughly 10% of the total obser-
vations taken from KMTC and 5% from KMTS and KMTA.
These V-band data can be used for the construction and anal-
ysis of the color-magnitude diagrams (CMD) to extract color
information of the lensed star. These data sets were reduced
by the KMTNet pipeline, which employs the image subtrac-
FIG. 1.— Light curve of KMT-2017-BLG-1038. The upper two panels
show the geometry of the event with a zoom-in of the transit of the region
enclosed by one of the two triangular planetary caustics. The lower panels
show the observed light curve and the best-fit model curve with residuals.
The inset panels show zoom-ins of caustic transit (left) and cusp approach
(right) parts, respectively. Each colored dot indicates KMTNet observations
taken from each observatory: CTIO (light blue), SAAO (yellow), and SSO
(green).
tion method (pySIS: Albrow et al. 2009). These light curves
were run through the KMTNet event finder (Kim et al. 2018)
to find microlensing events. In brief, this event finder finds
microlensing events by fitting observed light curves (simul-
taneously fitted all data taken from three KMT sites) on the
single-lensing light curve using an efficient 2D grid of (t0,
teff), rather than a prohibitive 3D grid of (t0, u0, tE)2, where
teff → u0tE. From this machine review, microlensing event
candidates were produced. These candidates were manu-
ally reviewed to classify them as clear/possible microlensing
events, artifacts, or several classes of variables. The events
in this work were found by this process (classified as clear
microlensing events).
2.1. Observations of KMT-2017-BLG-1038
The microlensing event, KMT-2017-BLG-1038, occurred
on a background star (source) located at (α,δ)J2000 =
(17h44m41s.02,−25◦08
′
34
′′
.91) corresponding to the Galac-
tic coordinates (l,b) = (3.◦13,2.◦16). This event was discov-
ered by the KMTNet survey alone.
In Figure 1, we present the observed light curve of this
event. The light curve exhibits dramatic deviations from the
single-lensing light curve. The anomaly has complex features
caused by a transit of the regions enclosed by one triangu-
lar planetary caustic (from HJD′ ≃ 7986.3 to HJD′ ≃ 7987.4)
and an approach to a cusp of the other planetary caustic
(HJD′ ≃ 7991.4). These features are covered by KMTC and
KMTS observations.
We note that the data have relatively large uncertainties due
to the faintness of the source, i.e., IKMT ∼ 21.4 mag at the
baseline (unmagnified source brightness). In addition, the
caustic entrance (HJD′ ≃ 7986.3) and exit (HJD′ ≃ 7986.4)
2 For detailed formalism and descriptions, see Section 2 and 3 of Kim et al.
(2018).
3FIG. 2.— Light curve of KMT-2017-BLG-1146. The upper panels show
the geometries of the close and wide solutions with zoom-ins of caustic-
approaching parts, respectively. The lower panels show the observed light
curve and both model curves of the close (dash line) and wide (dotted line)
solutions with their residuals. The inset panel shows a zoom-in of the caustic-
approaching part with residuals of the close and wide solutions. The color
scheme of the observations is identical to Figure 1.
are not optimally covered. Thus, these gaps in coverage cause
large uncertainties of model parameters (see Section 3.2). For
the V-band data, due to the faint source, the signal-to-noise of
the V-band data is extremely low. Thus, it was not possible to
extract the color information of the source from these data.
2.2. Observations of KMT-2017-BLG-1146
The microlensing event, KMT-2017-BLG-1146, occurred
on a source that lies at (α,δ)J2000 = (17h56m25s.40,
−33◦08
′
32
′′
.89) corresponding to the Galactic coordinates
(l,b) = (−2.◦44,−4.◦14). This event was also discovered by
the KMTNet alone.
In Figure 2, we present the observed light curve of KMT-
2017-BLG-1146, which has a typical planetary anomaly
(HJD′ ≃ 7911.0) on the underlying single-lensing light curve.
The anomaly is caused by the caustic approach of the source.
The KMTC and KMTS observations precisely covered this
anomaly, which plays a key role in distinguishing between
degenerate models (see Section 3.3 for the details).
However, for the V-band observations, the data are too un-
certain to determine the source color, which is similar to the
case of KMT-2017-BLG-1038.
3. LIGHT CURVE ANALYSIS
3.1. Modeling Process
To build models for describing the observed light curves,
we adopt a standard parameterization that consists of seven
parameters: t0,u0, tE,s,q,α, and ρ∗, where t0 is the time of the
closest approach of lens-source, u0 is the closest separation
(normalized to the Einstein radius) between the source and a
reference position on the binary-axis at the time of t0 (i.e., im-
pact factor), tE is the timescale to cross the Einstein radius, s is
a separation between binary-lens components normalized by
the Einstein radius, q is the mass ratio of the binary-lens com-
ponents, α is the angle with respect to the binary-axis, and
TABLE 1
BEST-FIT MODEL PARAMETERS AND ERROR RESCALING FACTORS
event KMT-2017-BLG-1038 KMT-2017-BLG-1146
χ
2/Ndata 2075.774/2076 1945.248/1945 1954.702/1945
t0 7992.829
+0.088
−0.071 7924.890
+0.035
−0.132 7924.787
+0.035
−0.143
u0 0.172
+0.007
−0.006 0.287
+0.032
−0.017 0.213
+0.036
−0.006
tE 21.902+0.7
−0.6 25.443
+1.2
−1.8 30.587
+0.8
−3.2
s 0.851+0.003
−0.003 0.734
+0.010
−0.017 1.148
+0.020
−0.008
q (×10−3) 5.3+0.2
−0.4 2.0
+0.6
−0.1 4.5
+1.5
−0.4
α 5.396+0.018
−0.019 5.649
+0.005
−0.036 2.693
+0.002
−0.024
ρ∗,limit < 0.004 < 0.010 < 0.033
ρ∗,best 0.0012 0.0004 0.0007
FS,KMTC 0.042
+0.002
−0.001 0.127
+0.018
−0.009 0.090
+0.018
−0.003
FB,KMTC 0.334
+0.001
−0.002 0.286
+0.008
−0.019 0.322
+0.002
−0.018
KMTC 1.314 1.218 1.218
KMTS 1.500 1.305 1.305
KMTA 1.528 1.150 1.150
NOTE. — The uncertainties reflect the true significant digits. However,
more decimal places for the values are provided so that the interested reader
may reproduce the best-fit model. The ρ∗,limit present 3σ upper limits (see
Figure 3 and 5). The ρ∗,best present the best-fit values that used to draw the
light curves in Figure 1 and 2. We present these ρ∗ values for readers who
may be interested to reproduce the best-fit models.
ρ∗ is the angular source radius normalized by the Einstein ra-
dius. This parameterization is described in Jung et al. (2015)
with a conceptual figure. Based on this parameterization, we
conduct modeling processes that consist of two steps: a grid
search followed by refining the model.
The first process is a grid search. We perform a grid search
with dense grid sets, i.e., [s,q] to find global and local min-
ima. The grid parameters are chosen to be (s, q, and α) be-
cause (s,q) are directly related to the caustic geometry, and the
various source trajectories defined by the α parameter yield
dramatic changes in the light curve features for a fixed caus-
tic. The grid parameters have ranges log(s) = (−1.0,1.0) and
log(q) = (−5.0,1.0), which cover almost all cases of lensing
lightcurves caused by various caustic geometries from binary-
lens systems down to planet-host systems. The ranges of
the grid parameters are densely divided into n(log(s)) = 100
and n(log(q)) = 100. For each (s,q) grid point, a total of 21
values of the α parameter are used to seed solutions from
α = (0◦,360◦) along with the other four parameters, i.e., t0, u0,
tE, and ρ∗. These five parameters are allowed to vary continu-
ously from the seed solutions. Thus, the α parameter is a kind
of semi-grid parameter: a grid is used to seed the initial value
of α, but then it is allowed to vary to find the optimal solution.
In the grid search process, to find a global or local minimum,
we use a χ2 minimization method adopting a Markov Chain
Monte Carlo (MCMC) algorithm (Dunkley et al. 2005).
The second modeling process is refining the model param-
eters. For each global or local minimum, we refine the model
parameters, which are able to vary all parameters within all
possible ranges using the MCMC sampling method. During
this process, one data point should on average give∆χ2 ∼ 1.
Thus, we rescale the errors using an equation, enew = keold,
where enew are the rescaled errors, eold are the original errors
reported by the reduction software and k is the rescaling fac-
tor for each data set presented in Table 1. From this refining
process, we can estimate the uncertainties of the model pa-
rameters based on the MCMC chain. The uncertainties are
determined based on the 68% confidence intervals around pa-
rameters of the best-fit model.
4FIG. 3.—MCMC chain scatters and distributions of KMT-2017-BLG-1038.
In the upper three panels, we present the MCMC chain scatters for selected
model parameters, tE , q, and ρ∗, with respect to the parameter s. Each color
represents ∆χ2 from the best-fit model: 12 (red), 22 (yellow), 32 (green),
42 (sky blue), 52 (blue), and 62 (purple). The lower three panels show the
distributions of selected parameters normalized by each peak value.
3.2. Model of KMT-2017-BLG-1038
In Table 1, we present the best-fit model parameters and
error rescaling factors of KMT-2017-BLG-1038. From the
modeling process, we find that there exists only one global
minimum with q ∼ 0.005 and s ∼ 0.851. The observed light
curve of this event shows complex features produced by a
transit of the region enclosed by one of the two triangular,
planetary caustics (from HJD′ ∼ 7986.3 to HJD′ ∼ 7987.5)
and a cusp approach (HJD′ ∼ 7991.4). Moreover, there exists
a region of reduced magnification between these two features.
Thus, these complex perturbations on the light curve can be
described by the special caustic geometry of a s < 1 (close)
case, i.e., the source crosses the lower planetary caustic and
then approaches the upper planetary caustic. In between these
planetary caustics, the source traverses a negative magnifica-
tion region (relative to a point lens). Because s > 1 (wide) so-
lutions cannot produce such large regions of negativemagnifi-
cation, the close/wide degeneracy (Griest & Safizadeh 1998;
Dominik 1999), which is a well-known degeneracy that can
prevent the unique determination of the binary-lens properties
(especially a planetary lensing event), is decisively broken for
this event.
In Figure 3, we present the MCMC chain distributions of
selected parameters (tE, s, and q) that are essential to deter-
mining the lens properties when applying a Bayesian anal-
ysis. As seen in the plots, the tE distribution is not a nor-
mal Gaussian distribution. Moreover, the distribution has
a “tail” at the 3σ level, corresponding to alternative solu-
tions describing the observed light curve. In Figure 4, we
present various representative models extracted from the non-
Gaussian distribution within 3σ of the best solution. We find
that the solutions in the “tail” cannot perfectly describe the
two KMTS data points that covered the entrance of the caus-
tic around HJD′ ∼ 7986.3. At the same time, these model
light curves from the “tail” fit the planetary caustic approach
around HJD′ ∼ 7991.35 better than the best-fit model. As a
result, the χ2 difference between the two families of models
is relatively small, and this second family of solutions from
the “tail” cannot be ruled out.
3.3. Model of KMT-2017-BLG-1146
In the case of KMT-2017-BLG-1146, we find that there is a
possibility for degenerate solutions caused by the close/wide
degeneracy. From the grid search, we find that the lowest χ2
FIG. 4.— Various model curves of KMT-2017-BLG-1038 within 3σ of the
best fit. The upper two panels show the scatters and distributions of the (tE)
parameter. The color scheme of the scatters is identical to those of Figure 3.
Each colored dot indicates extracted representative solutions within 3σ of the
best fit including the best-fit model itself. The lower panels show zoom-ins
of geometries and model light curves. The lower-left panels show the caustic
transit part and the lower-right panels show the cusp approach.
solution lies in the close (s < 1) regime. However, there ex-
ists a plausible solution in the wide (s > 1) regime. Thus,
we investigate both local minima. From the model refining
process, we find that the wide solution cannot perfectly de-
scribe the planetary anomaly on the light curve, especially
near HJD′ ∼ 7910.5 by comparison to the close solution (see
the zoom-in of Figure 2). This difference yields ∆χ2 ∼ 10
between the close and wide solutions, which is a meaning-
ful∆χ2 value considering the relatively small number of data
points covering the anomaly. As a result, we conclude that
the close solution with q ∼ 0.002 and s ∼ 0.734 is the pre-
ferred solution for describing the observed light curve of this
event. In Table 1, we present the parameters of the close so-
lution, and also the parameters of the wide solution although
it is disfavored.
In Figure 5, we also present the MCMC chain scatters and
distributions of selected parameters for this event. In contrast
to KMT-2017-BLG-1038, the tE distribution of this case fol-
lows a normal Gaussian distribution.
3.4. Higher-order Effects
Even though the companions in both events are highly
likely to be planets based on mass ratios of q ∼ 10−3, addi-
tional observables are required to measure the lens and planet
masses, the distance to the lens system and the projected sepa-
ration between the planet and the host star. These observables
are the angular Einstein ring radius (θE) and the magnitude of
the microlens parallax (piE). The Einstein radius, θE, can be
measured from the model parameter, ρ∗ ≡ θ∗/θE where θ∗ is
the angular source radius, which can be measured from the
analysis of the CMD adopting the method from Yoo et al.
(2004). The microlens parallax piE can be measured by ob-
serving the annual microlensing parallax effect (Gould 1992)
caused by the orbital motion of Earth3, which would introduce
3 Indeed, there exists an alternative method to measure the microlens par-
allax, i.e., the satellite microlens parallax (Refsdal 1966; Gould 1994), by
5FIG. 5.—MCMC chain scatters and distributions of KMT-2017-BLG-1146.
The format is the same as in Figure 3.
additional model parameters, piE,N and piE,E , i.e., the north and
east components of the microlens parallax vector (piE).
Both observables are necessary to analytically determine
the lens properties. However, if it is not possible to measure
both, even one of these observables would be a constraint for
the Bayesian analysis. Thus, we investigate the possibility of
measuring these additional observables for the events.
In Figure 3 and 5, we present distributions of the ρ∗ pa-
rameter (right panels) of KMT-2017-BLG-1038 and KMT-
2017-BLG-1146, respectively. For both events, we find that
ρ∗ values are consistent with zero at the 2σ and 1σ levels, re-
spectively. Thus, there is no significant detection of the finite
source effect. However, there are upper limits.
We test a model of the annual microlens parallax (APRX)
to check the possibility of detecting the APRX signal on the
lensing light curve. We check the χ2 improvement when the
APRX parameters (piE,N and piE,E ) are introduced. For the
KMT-2017-BLG-1146 event, we find that the χ2 improve-
ment is only ∼ 0.6. This improvement is insignificant, so
we cannot claim a detection of APRX. For the KMT-2017-
BLG-1038 event, we find that the χ2 improvement is ∼ 13.4.
We carefully investigate this improvement because the data
for this event have some systematics, which may produce a
false-positive signal of the APRX. From the investigation, we
find that the χ2 improvement comes from only KMTS data,
rather than consistent improvements from all data sets. This
is unusual behavior considering the data sets cover the event
about equally. If the APRX signal were really present, all data
sets should show χ2 improvements. Hence, we conclude that
the χ2 improvement comes from the unknown systematics of
the KMTS data, rather than the APRX effect.
4. PROPERTIES OF DISCOVERED PLANETARY SYSTEMS
4.1. Bayesian Analysis
We characterize the discovered planetary systems based on
a Bayesian analysis. For this analysis, we generate a total
of 4× 107 artificial microlensing events using a Monte Carlo
Simulation. For the Galactic priors, we adopt the velocity
distributions of Han & Gould (1995), the mass functions of
Chabrier (2003), and matter density profiles of the Galactic
bulge and disk as compiled by Han & Gould (2003) (for the
details of the Bayesian formalism, see Section 4 of Jung et al.
measuring the offset of light curves seen from space and Earth. However,
this method requires simultaneous observations with a space telescope, which
was not possible in these cases because the events were discovered after the
end of the microlensing season. Thus, in this work, we only consider the
APRX for the microlens parallax measurement.
TABLE 2
PROPERTIES OF DISCOVERED PLANETARY SYSTEMS
KMT-2017-BLG-1038 KMT-2017-BLG-1146
w/ stellar remnants
Mhost (M⊙) 0.43+0.32−0.25 0.40
+0.34
−0.25
Mplanet (MJ) 2.4+1.8−1.4 0.85
+0.76
−0.52
DL (kpc) 6.1+1.2−1.6 6.6
+1.4
−1.9
a⊥ (au) 1.9+0.6−0.6 1.7
+0.6
−0.6
asnow (au) 1.2+0.9
−0.7 1.1
+0.9
−0.7
µ (mas yr−1) 6.3+2.3
−1.9 5.3
+2.3
−1.9
w/o stellar remnants
Mhost (M⊙) 0.37+0.36−0.20 0.33
+0.36
−0.20
Mplanet (MJ) 2.0+2.0−1.1 0.71
+0.80
−0.42
DL (kpc) 6.0+1.3−1.7 6.5
+1.4
−2.0
a⊥ (au) 1.8+0.6−0.5 1.6
+0.6
−0.6
asnow (au) 1.0+1.0
−0.6 0.9
+1.0
−0.5
µ (mas yr−1) 6.1+2.3
−1.9 5.1
+2.4
−1.9
NOTE. — The uncertainties are determined based on the 68% confi-
dence intervals around median values of Bayesian analyses.
(2018a) and references therein.). We note that we take into
account the line of sight to the actual event when the artifi-
cial events are generated. We also note that the host types
(i.e., normal stars or stellar remnants) of artificial events are
defined when these events are generated. The mass fractions
of stellar remnants are calculated by adopting observational
constraints of several studies (white dwarfs: Bragaglia et al.
1995, neutron stars: Thorsett & Chakrabarty 1999, and black
holes: Gould 2000).
Based on generating events, we construct probability dis-
tributions with respect to the lens mass (ML), the distance of
the lens (DL), the projected separation between the planet and
host (a⊥), and the Einstein timescale (tE) of the generated
events. Then, we put a constraint on the probability distri-
bution by applying a weight function. The weight function
consists of two parts that are derived from the tE and ρ∗ dis-
tributions of our event.
The first part of the weight function is constructed by fitting
the tE distribution of the event based on the superposition of
Gaussian functions written as
W (tE) =
2∑
i=1
ai e
−
1
2
(
tE−µi
σi
)2
, (1)
where the set of coefficients, (a,µ,σ) are deter-
mined by fitting of the tE distribution. In case of
KMT-2017-BLG-1038, the coefficient sets are de-
termined as (a1,µ1,σ1) = (1.000,21.923,0.582) and
(a2,µ2,σ2) = (0.058,24.089,0.638). In case of
KMT-2017-BLG-1146, the coefficient sets are de-
termined as (a1,µ1,σ1) = (0.097,26.556,1.465) and
(a2,µ2,σ2) = (0.943,25.096,0.943). We use this fitting
method to reflect the actual tE distribution instead of a
normal Gaussian weight because of the non-Gaussian tE
distribution of the KMT-2017-BLG-1038 case. Although the
tE distribution for KMT-2017-BLG-1146 is close to a normal
Gaussian, for consistency in the Bayesian analysis, we apply
the identical methodology for the analysis of both events.
The second part of the weight function is constructed from
the ρ∗ distribution. Although the detections of the finite
source effect of both events are not significant, we apply the
ρ∗ distribution to the Bayesian analysis as a constraint be-
cause the distribution of ρ∗ values and its upper limit can pro-
6FIG. 6.— Posterior distributions of the Bayesian analyses for KMT-2017-
BLG-1038. The upper four panels show posteriors with stellar remnants of
the host mass (ML), distance to the lens system (DL), projected separation
between the planet and host (a⊥), and relative lens-source proper motion (µ),
respectively. the lower four panels show posteriors without stellar remnants.
The solid line indicates the median of each distribution. The dark grey shade
with the dotted line indicates the 68% confidence interval of each distribution,
i.e., the 1σ uncertainty around the median value. The blue lines indicate
distributions excluding non-luminous hosts (i.e., brown dwarfs, white dwarfs,
neutron stars, and black holes).
vide a partial constraint. However, the ρ∗ distribution has a
non-Gaussian form. Thus, we construct a weight function us-
ing ∆χ2 of MCMC chains as a function of ρ∗ values follow-
ing the method in Calchi Novati et al. (2018b). This weight
function is written as
W (ρ∗) = e
−
1
2∆χ
2(ρ∗) ; (2)
∆χ2(ρ∗)≡
{
0 ρ∗ ≤ ρ∗,best
χ2trial(ρ∗)−χ
2
best(ρ∗) ρ∗ > ρ∗,best
, (3)
where the χ2trial(ρ∗) is the χ
2 value of each trial fitting,
χ2best(ρ∗) is the χ
2 value of the best-fit, and ρ∗,best is a ρ∗ value
of the best-fit model. For KMT-2017-BLG-1038, the ρ∗ con-
straint affects the Bayesian analysis by excluding∼ 8% of ar-
tificial events compared to the analysis using the tE constraint
only. By contrast, for KMT-2017-BLG-1146, the effect of the
ρ∗ constraint is< 0.2%. However, we apply the samemethod-
ology for consistency. Therefore, the final weight function is
constructed as W =W (tE) ·W (ρ∗).
Then, we determine properties of the lens system from the
weighted probability distribution. In Figures 6 and 7, we
present the posterior distributions for both KMT-2017-BLG-
1038 and KMT-2017-BLG-1146. We note that the proper-
ties of planetary systems are determined for cases both with
and without consideration of stellar remnants. The chance to
discover planets orbiting stellar remnant hosts could be ex-
tremely low (Kilic et al. 2009) because the host, e.g., a sun-
like star, at the end of its evolution stage (i.e., red giant,
asymptotic giant, or planetary nebula) engulfs the planet(s)
within ≃ 1 au (Nordhaus et al. 2010). Thus, one version of
the Bayesian analysis was done without stellar remnants to
reflect a galaxy in which remnants do not host giant planets.
However, Mullally et al. (2008, 2009) reported a candidate of
a gaseous planet (M sin i ∼ 2MJ), which is orbiting a white
dwarf star, GD 66. Considering this discovery, we cannot
rule out the possibility of planets orbiting a stellar remnant
host. Thus, we also consider posterior distributions with stel-
lar remnants as hosts, even though the chance of discovering
this kind of planetary system could be very low.
4.2. Properties of the Planets
In Table 2, we present representative properties of the two
discovered planetary systems, which are the median and 1σ
FIG. 7.— Posterior distributions of the Bayesian analyses for KMT-2017-
BLG-1146. The description is the same as for Figure 6.
uncertainty (68% confidence interval of the distribution) de-
termined from the posterior distributions. In addition, we esti-
mate the snow line of each planetary system using the relation,
asnow = 2.7au(Mhost/M⊙), adopted from Kennedy & Kenyon
(2008). The planets discovered in KMT-2017-BLG-1038
and KMT-2017-BLG-1146 are super Jupiter-mass and sub
Jupiter-mass planets, respectively, both orbiting mid-M dwarf
hosts. Both planets are located beyond their own snow lines.
We determined the properties of these planetary systems
using Bayesian analyses (with or without) stellar remnant
hosts. For KMT-2017-BLG-1038Lb, we found that the
planet is a super Jupiter-mass planet (Mplanet = 2.41+1.80−1.41 or
2.04+2.02
−1.15MJ) orbiting a mid-M dwarf host (Mhost = 0.43
+0.32
−0.25 or
0.37+0.36
−0.20M⊙) with projected separation, 1.90
+0.59
−0.58 or 1.80
+0.61
−0.54
au, which is located beyond the snow line. This system is
located at the distance, 6.12+1.23
−1.64 or 6.01
+1.27
−1.71 kpc, from us.
For KMT-2017-BLG-1146Lb, the planet is a sub Jupiter-mass
planet (Mplanet = 0.85+0.76−0.52 or 0.71
+0.80
−0.42MJ) orbiting a mid-M
dwarf host (Mhost = 0.40+0.34−0.25 or 0.33
+0.36
−0.20M⊙) with projected
separation, 1.65+0.61
−0.60 or 1.55
+0.63
−0.56 au, which is also located be-
yond the snow line. This system is located at the distance,
6.57+1.36
−1.91 or 6.50
+1.38
−2.00 kpc, from us.
We found that the relative lens-source proper motions are
∼ 6 and ∼ 5 masyr−1 of KMT-2017-BLG-1038 and KMT-
2017-BLG-1146, respectively. Ten years after the events,
close to the start of thirty meter class telescope operations,
the lens and source of these events will be separated with≥ 60
and ≥ 50 mas, respectively. In addition, the estimated bright-
ness of both lenses is ∼ 21 mag in H-band. The flux ratios
(source/lens) are∼ 9 and∼ 11 for KMT-2017-BLG-1038 and
KMT-2017-BLG-1146, respectively4. Hence, considering the
resolving power of the 30 m-class telescopes (θ ∼ 14 mas for
H-band observations), the lenses can be detected in follow-up
observations using large telescopes with adaptive optics sys-
tems, which will lead to much more precise constraints on
the physical properties of the planets (and their hosts). If the
host is luminous (see Figure 6 and 7), such measurements will
yield both a measurement of the lens flux and the lens-source
relative proper motion (and hence θE), thus giving a complete
solution for the lens mass and distance (e.g., Yee et al. 2015).
5. DISCUSSION
We reported two planets, KMT-2017-BLG-1038Lb and
KMT-2017-BLG-1146Lb, discovered by the KMTNet sur-
vey in the 2017 bulge season. In Figure 8, we visualize the
physical properties of our discoveries compared to those of
other confirmed planets detected by variousmethods. The mi-
4 The H-band magnitudes and flux ratios are estimated using median val-
ues of the Bayesian analyses.
7FIG. 8.— Diagrams of confirmed exoplanets with planets of this work. Col-
ored dots indicate confirmed planets detected by a different method. The
upper-left panel shows the mass distribution of the host star and planet.
The upper-right panel shows the distribution of the planet mass and the
semi-major axis or projected separation. The lower panel shows the dis-
tribution of the host mass and the semi-major axis or projected separa-
tion with the snow line (asnow ∼ 2.7au(Mhost/M⊙)) and the conventional
mass limit of brown dwarfs (0.06 ∼ 0.08M⊙). The properties of con-
firmed planetary systems are adopted from the NASA Exoplanet Archive
(https://exoplanetarchive.ipac.caltech.edu).
crolensing method can detect a wide range of planet masses.
Moreover, as is well-known, the method is sensitive to plan-
ets that are located beyond the snow line (e.g., Gould & Loeb
1992). Our findings are typical microlensing planets: these
are giant planets beyond the snow line, bound to M-dwarf
hosts. Thus, similar planets will be routinely discovered and
characterized by the microlensing surveys. As a result, the
number of detections will systematically increase in the fu-
ture.
In Figure 9, we also visualize the locations of the discov-
ered planets together with those of the other confirmed plan-
ets. This spatial distribution clearly shows the complemen-
tary contribution of each planet-detecting method in building
a complete sample of exoplanets in our Galaxy. In particular,
the microlensing method can cover various types of planets
that are located at the farthest distance from us, which would
be difficult to detect by the other methods.
In Figure 10, we present planet detectabilities of three
methods (i.e., RV, astrometry, and microlensing). The de-
tectability is theoretically derived based on the physics of
each method assuming planets orbiting a mid-M dwarf host
(0.4M⊙). We present the theoretical detectabilities in the
conventional planet parameter space, a⊥/au and Mp/MJupiter,
which are the semi-major axis or projected separation and
planet mass, respectively. For the RV detectability, we adopt
the analytic equation of Cumming et al. (1999) for a velocity
semi-amplitude of 1ms−1, which is the assumed performance
of a state-of-art RV survey. For astrometry, we adopt a pre-
diction of planet detectability assuming the performance of
the GAIA telescope from Perryman et al. (2014). In this case,
we assume that the planetary systems are located at several
distances (from 11 to 280 pc) from us. For microlensing, we
adopt analytic lensing equations from Gaudi (2012) and Han
(2006) assuming the caustic must be at least ∆ηc = 10−2 (size
relative to the Einstein ring) to be detectable. In this case, we
assume that the planetary systems are located near the Galac-
FIG. 9.— Diagrams of the distance dependence of the detection method.
The upper panel shows the distribution of planet mass and its distance from
us. The lower panel shows the distribution of host mass and its distance from
us. Each color of dots (confirmed planetary systems) represents a different
detection method shown in Figure 8. The cyan line indicates the distance of
the Galactic center.
tic bulge (7 kpc). This analytic estimate is broadly consistent
with the predicted sensitivity of KMTNet (Henderson et al.
2014).
As shown in the Figure, these detectabilities overlap in
the region of giant planets (Mplanet > 0.1MJupiter). In addi-
tion, these planets approach the snow line from different de-
tections. The growing microlensing planet sample will give
us opportunities to independently determine the planet fre-
quency, which can be compared to those of other methods.
It will contribute the complementary coverage of the planet
parameter space for planet demographics. In the next few
years, we can anticipate similar detections of giant planets
beyond the snow line orbiting M dwarfs from radial veloci-
ties (which will finally have been observing long enough with
high enough precision) and GAIA. This will enable a direct
comparison of the planet frequency measured from three in-
dependent techniques. The results should be consistent, but if
they are not, they will reveal some previously unknown sys-
tematics in the sampling methods or some variation in planet
frequency with Galactic distance (since microlensing primar-
ily probes distant planets whereas RV and GAIA will find
those orbiting nearby stars). Such a test is essential for veri-
fying the results from different techniques and testing for the
effects of Galactic environment on planet formation.
This research has made use of the KMTNet system operated
by the Korea Astronomy and Space Science Institute (KASI)
and the data were obtained at three host sites of CTIO in Chile,
SAAO in South Africa, and SSO in Australia. This research
has made use of the NASA Exoplanet Archive, which is oper-
ated by the California Institute of Technology, under contract
with the National Aeronautics and Space Administration un-
der the Exoplanet Exploration Program. Work by IGS and
AG was supported by JPL grant 1500811. AG acknowledges
the support from NSF grant AST-1516842. AG received sup-
port from the European Research Council under the European
Union’s Seventh Framework Programme (FP 7) ERC Grant
8FIG. 10.— Planet detectabilities of three methods (RV, astrometry, and
microlensing). The detectabilities are theoretically estimated based on the
physics of each method assuming that the hosts of the planets are mid-M
dwarfs (Mhost = 0.4M⊙). The blue line indicates the detectability of the RV
method assuming that the velocity semi-amplitude (K) is 1ms−1. The se-
ries of red colors show the detectabilities of the astrometry method adopt-
ing a performance of the GAIA telescope for the planetary systems located
at various distances from us. The grey line shows the detectability of the
microlensing method assuming that the planetary systems are located at 7
kpc from us. In particular, the black line indicates the theoretical lensing
zone (Han 2006), i.e., with a caustic within the Einstein ring radius (dashed
line). The cyan line indicates the snow line of M dwarf host assuming that
asnow = 2.7au (Mhost/M⊙) (Kennedy & Kenyon 2008). The green pentagons
show planets discovered in this work.
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grant (2017R1A4A1015178) of National Research Founda-
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